ABSTRACT To locate the biosensor peptide DPc10 bound to ryanodine receptor (RyR) Ca 2þ channels, we developed an approach that combines fluorescence resonance energy transfer (FRET), simulated-annealing, cryo-electron microscopy, and crystallographic data. DPc10 is identical to the 2460-2495 segment within the cardiac muscle RyR isoform (RyR2) central domain. DPc10 binding to RyR2 results in a pathologically elevated Ca 2þ leak by destabilizing key interactions between the RyR2 N-terminal and central domains (unzipping). To localize the DPc10 binding site within RyR2, we measured FRET between five single-cysteine variants of the FK506-binding protein (FKBP) labeled with a donor probe, and DPc10 labeled with an acceptor probe (A-DPc10). Effective donor positions were calculated from simulated-annealing constrained by both the RyR cryo-EM map and the FKBP atomic structure docked to the RyR. FRET to A-DPc10 was measured in permeabilized cardiomyocytes via confocal microscopy, converted to distances, and used to trilaterate the acceptor locus within RyR. Additional FRET measurements between donor-labeled calmodulin and A-DPc10 were used to constrain the trilaterations. Results locate the DPc10 probe within RyR domain 3,~35 Å from the previously docked N-terminal domain crystal structure. This multiscale approach may be useful in mapping other RyR sites of mechanistic interest within FRET range of FKBP.
INTRODUCTION
Muscle contraction is triggered by a massive release of Ca 2þ , via activation of the ryanodine receptor (RyR) Ca 2þ channels embedded in the sarcoplasmic reticulum membrane. RyR isoforms expressed in skeletal (RyR1) and cardiac (RyR2) muscle are key components of the excitation-contraction coupling mechanism in these tissues (1, 2) . Elevated Ca 2þ leak through dysfunctional RyRs results in several widely spread pathologies characterized by abnormally high cytosolic [Ca 2þ ] (3). The 2.3 MDa RyRs are the largest ion channels identified in natural membranes, and they consist of tetrameric assemblies of identical protomers (~5000 amino acids each) presenting an enormous domain to the cytosol that extends >100 Å from the small transmembrane (TM) domain. The channel function residing within the RyR TM-domain is regulated via long-range conformational changes from the RyR cytosolic domain resulting from binding of cellular modulators, such as Ca 2þ , Mg 2þ , and ATP, or small accessory proteins like the~12 kDa FK506 binding proteins (FKBP, isoforms 12.0 and 12.6) or calmodulin (CaM) (4, 5) .
Cryo-electron microscopy (cryo-EM) three-dimensional reconstructions at~10 Å resolution have revealed important information about the structural domains of RyR1, including some structure-function correlations (6) , although most secondary and tertiary structural features are difficult to discern. Thus far, some of these structural elements have been deduced based on computational secondary structure prediction (7, 8) and docking of partial atomic structures into the cryo-EM map (9) (10) (11) . Significant research efforts are currently devoted to locating channel regulatory sites in the RyR three-dimensional map (12) .
FKBP12.6 binds tightly to both the skeletal and cardiac channel isoforms (RyR1 and RyR2, respectively), and behaves essentially as a constitutive RyR subunit (13) . A density corresponding to FKBP is clearly resolved in the RyR cryo-EM map, and the atomic structure of FKBP has been docked in this density (14) . Using fluorescence resonance energy transfer (FRET), we have previously shown that FKBP12.0 and 12.6 bind at equivalent locations and orientations within the RyR1 and RyR2 complexes (15) . These characteristics of the FKBP-RyR interaction have enabled the placing fluorescent probes at precisely determined locations within the RyR three-dimensional structure, for use as FRET donors in studies aiming to correlate RyR structural and functional information (13, 16) .
A prominent working model postulates that in the resting RyR2, there is a tight interaction (domain zipping) between an N-terminal 150 kDa domain (17, 18) (which includes the docked ABC-domain (9) ) and a central domain (residues 2000-2500). Although this theory may be an oversimplification, pathophysiological RyR leaky states have been connected to weakened or disrupted physical contacts between these two domains (domain unzipping), caused by RyR disease-linked mutations or abnormal intracellular conditions (19) (20) (21) (22) . Conversely, inhibitors of the RyR under resting-state conditions also restore tight domain-domain interactions (zipping) (19, (23) (24) (25) . A 36-residue domainpeptide (DPc10), with the same sequence as residues 2460-2495 of the RyR2 central domain, induces a pathologically leaky RyR2 state, and is one of the molecular tools that have been used to develop the zipping-unzipping theory (18) . We have shown that a fluorescent DPc10 derivative used as FRET acceptor (A-DPc10) can be an accurate biosensor of the RyR2 functional state (26). Using FRET to A-DPc10 from donor-labeled FKBP (D-FKBP) or CaM (D-CaM), we have found that DPc10 binds at a sterically restricted RyR2 site. We ruled out a previously proposed location of this site in the ''clamp'', and deduced that it must lie within, or close to, the ''handle'' (domain 3), flanked by FKBP and CaM. Whereas we detected no significant cross-talk between DPc10 and FKBP binding to RyR2, we found reciprocal allosteric inhibition between DPc10 and CaM binding to RyR2 (26) .
To localize the DPc10 binding site, and possibly the N-terminal domain zipping interface, within the RyR cryo-EM map, we have conducted detailed confocal FRET studies in cardiac myocytes. We hypothesized that, by using multiple distance measurements from different known spatial coordinates, it is possible to resolve the location of DPc10 on the RyR cryo-EM map using a method termed ''trilateration'' (although ''triangulation'' has been casually used to indicate the same process). We developed a computationally efficient protocol for simulated-annealing calculations (with constraints from the RyR1 cryo-EM map and FKBP atomic structure) to determine the effective coordinates of donors attached at different sites within FKBP. A set of distances derived from confocal FRET measurements were then used to determine the location of the A-DPc10 probe, and thus infer the position of a modulatory interface within RyR2.
MATERIALS AND METHODS

Protein expression and labeling
Single-Cys mutants of FKBP12.6 and CaM were expressed and purified as previously described in Cornea et al. (15) . Alexa Fluor 488 C5 maleimide (AF488; Invitrogen, Carlsbad, CA) was reacted to single Cys introduced by site-directed mutagenesis at residues 14, 32, 44, 49, or 85 of the C22A/C76I variant of the human isoform of FKBP12.6 ( Fig. 1) . These AF488-labeled FKBPs were used as FRET donors (denoted D-FKBP, or D14-, D32-, D44-, D49-, and D85-FKBP, respectively, to indicate the donor's location within FKBP) (27). AF488 was reacted to a CaM mutant containing a single Cys at position 34, and used as FRET donor (denoted D34-CaM). Alexa Fluor 568 C5 maleimide (AF568) was reacted to a CaM mutant containing a single Cys at position 110, and then used as FRET donor (D110-CaM). We have previously shown that labeling at these sites does not significantly alter binding relative to unlabeled controls (15) . DPc10 peptides either unlabeled, or labeled with HiLyte Fluor 647 (HF647) were synthesized at AnaSpec (Fremont, CA), and used as FRET acceptors (A-DPc10), as described in Oda et al. (26) . The molecular model of DPc10 (Fig. 1) , sequence 2460-GFCPDHKAAMVLFLDRVYGIEVQDFLLHLLEVGFLP-2495 was generated by the HHPred structure prediction server (28) . Full-length RyR cDNA constructs, each containing a His 10 tag inserted at a specific position within the N-terminal ABC-domain of RyR1, were created as previously described in Girgenrath et al. (27) .
FRET imaging
FRET measurements within RyR1 constructs expressed in HEK-293T (HEK) cells were conducted using procedures we recently described in Girgenrath et al. (27) . HEK cells were permeabilized and imaged in 125 mM NaCl, 5 mM KCl, 6 mM glucose, 25 mM HEPES (pH 7.6), 0.1% saponin, 3 mM Cy3NTA, and 10 nM D-FKBP. FRET within native RyR2 was measured in isolated rat ventricular myocytes, isolated, and permeabilized as previously described in Oda et al. (26) . All procedures were performed according to the Guiding Principles in the Care and Use of Animals, approved by the Council of the American Physiological Society (Bethesda, MD). Confocal imaging of permeabilized myocytes and FRET between D-FKBPs, or D-CaMs, and A-DPc10 was measured in a Olympus FV1000 confocal microscope (Olympus, Center Valley, PA) equipped with Argon and Green HeNe lasers. AF488 donor was excited with the 488 nm laser, and donor fluorescence was recorded through a 500-530 nm bandpass filter. AF568 donor was excited at 543 nm, and donor fluorescence was detected through a 560-620 nm bandpass filter. HF647 acceptor fluorescence was recorded through a 660-760 nm bandpass filter. Acceptor photobleach was performed using a 652-nm laser. Media contained 1 mM EGTA, 10 mM HEPES, 120 mM potassium aspartate, 5 mM ATP, 1 mM MgCl 2 , and 10 mM GSH, with CaCl 2 added to obtain 30 nM free Ca 2þ (calculated using the software MAXCHELATOR, Stanford University, Stanford, CA; http://maxchelator.stanford.edu/), 10 mM phosphocreatine, 5 I.U./mL creatine phosphokinase, and 4% dextran (Mr 40,000), at pH 7.2. Fluorescently labeled FKBP, CaM, and DPc10 were added to the bath at the indicated concentrations (26). FRET was measured using both the donor quenching and the acceptor photobleaching methods, as previously described in Oda et al. (26) and Guo et al. (29) . The FRET efficiency was calculated according to
where F D and F DA are the fluorescence intensities of donor-only and donoracceptor samples in the donor quenching measurement, respectively, and
where F Dpre and F Dpost are the fluorescence intensities before and after acceptor photobleaching, respectively. From E, we calculated donoracceptor using
where R 0 is, by definition, the distance at which E ¼ 0.5, and is calculated from
where n is the refractive index (for a protein in aqueous solution, n ¼ 1.4), k 2 is the orientation factor (k 2 ¼ 2 / 3 when random orientation can be assumed), and f D is the fluorescence quantum yield of the donor (f D (AF488) ¼ 0.92 (30) ). J is the normalized spectral-overlap integral of donor emission F D (l) and acceptor absorbance ε(l) spectra, and was calculated from
by numerical integration using a Microcal ORIGIN template (OriginLab, Northampton, MA; http://www.originlab.com/). For the AF488-HF647 donor-acceptor pair, we used ε HF647 (652 nm) ¼ 250,000 (mol
Docking of FKBP into the RyR1 EM map
The atomic structure of FKBP12 (Protein Data Bank (PDB) PDB:1D6O (31)) was docked to the cryo-EM reconstruction of the closed state of RyR1 (EMDB:1606 (6)). This was achieved by manually placing the structures in the RyR1 map at positions previously published in Samsó et al. (14) , then fitting in the density using the ''Fit in Map'' function of the software UCSF CHIMERA (University of California at San Francisco, San Francisco, CA; https://www.cgl.ucsf.edu/chimera/) (32) . The fit was optimized for correlation with a map simulated from the FKBP coordinates using the same resolution as the RyR map, i.e., 10.2 Å . All other settings were as default.
Selection of EM map coordinates around FKBP
The CHIMERA Segment Map tool (33) was used to select the map region corresponding to the FKBP density and to subtract that selected region from the closed RyR EM map. The grid points of the new map without the FKBP density were converted to dummy atoms in a PDB file using the software package VOL2PDB program from the SITUS software package (Old Dominion University, Norfolk, VA; http://situs.biomachina.org/) (34) . Dummy atoms within 30 Å from FKBP were used to restrict the conformational space of the fluorescent probe.
Donor parameters for simulation with CNS
A model for AF488 was built using GAUSSVIEW 5 and geometry-optimized using GAUSSIAN 09 (Gaussian, Wallingford, CT; http://www. gaussian.com/) at the HF/6-31þg* level of theory. This model was used with XPLO2D (Uppsala Software Factory, Uppsala University, Uppsala, Sweden; http://xray.bmc.uu.se/usf/xplo2d_man.html) (35) to generate topology and parameter files needed for simulations with the software CRYSTALLOGRAPHY & NMR SYSTEM 1.3 (CNS) (Stanford University, Stanford, CA; http//cns-online.org/) (36, 37) . To allow the probe to move more freely, the XPLO2D energy parameter for the torsional rotation in the linker region was lowered from the default value of 750 kcal/mol to 2 kcal/mol, which is the standard CNS parameter for the methylene linkage. The maleimide linkage to cysteine was adopted from the CNS dyes topology and parameter files (38, 39) .
Determining the fluorophore average position by simulated annealing
In the atomic structure of FKBP12, the five residues at position 14, 32, 44, 49, and 85 that were used for probe attachment in the fluorescence experiments were mutated to Cys using DISCOVERY STUDIO VISUALIZER (Accelrys, San Diego, CA). AF488 was attached to, respectively, each of the five Cys, generating five starting conformations for simulated annealing using CNS. The models were initially minimized with CNS (36,37) for 100 steps. To obtain good sampling of all possible conformations, we implemented published methods involving a hightemperature multitrial simulated annealing protocol with a slow cooling schedule (40) . Each trial started with a cycle of six torsion-angle dynamics steps at 300,000 K, followed by cooling at a rate of 500 K per cycle. The integration time step was 0.75 fs. The atomic coordinates are saved at the end of each trial. The fluorescent probe, the Cys sulfur of attachment, and (depending on labeling site) the side chains of 2-6 neighboring residues of FKBP, were free to move while everything else in the model remained fixed. For each probe location, 72 simulated-annealing calculations, each for 150 trials, were run in parallel. Different initial velocities (obtained from a random-number generator given a different seed value) and initial starting conformations were used in each calculation to ensure different sampling of the conformational space. The additional starting conformations were taken from the resulting conformations of the first calculation. The simulations produced a total of 10,800 conformations at each location. Data analysis-including calculation of the average probe position, root-meansquare distance (RMSD), and order parameters-was carried out using custom software we developed for this particular application. The volume of the conformational space sampled was calculated using the VDW program from the VOSSVOLVOX software package (https://code.google. com/p/vossvolvox/) (41) .
Trilateration
The method of using distances to determine a location in space is termed trilateration. Such methods have been previously described for macromolecular complexes, e.g., the Nano-Positioning System developed by Muschielok et al. (42) and Muschielok and Michaelis (43) . Their method was named based on similarity with the Global Positioning System, where known satellite positions are used to determine an antenna location. From the simulated-annealing calculations above, we obtained coordinates of Biophysical Journal 107(9) 2037-2048 FRET Trilateration of DPc10 within Functional RyR2the average probe locations, which we are using as effective donor locations for trilateration. We used effective AF488 locations calculated for the five FKBP attachment sites (14, 32, 44, 49 , and 85), and distances calculated from FRET values as constraints, to determine a locus in space corresponding to the acceptor attached to the N-terminus of DPc10.
We developed software that performs trilateration using an arbitrary number of donor sites and distances. The method used was to identify grid points on a three-dimensional grid that falls within a range defined by the minimum and maximum distances (R min and R max , respectively) calculated using Eq. 3 from the FRET measurement standard deviation (SD) for each donor position. The SD-based distance ranges can be widened symmetrically by a constant entered on the program command line. This feature may be used, alternatively, to set a range centered at the average distance (R avg ) calculated from the average E. The spacing between the grid points was 1 Å . Inasmuch as in some cases there may not be a location in space that satisfies all distance constraints, the software automatically determined an acceptor location in space based on any combination of n, n-1, and n-2 distances. The results were saved in PDB format, and were also exported to a volumetric map after conversion via the program PDB2VOL from the SITUS software package (http://situs.biomachina. org/) (34) . The trilateration software, is available from Bengt Svensson at the University of Minnesota, Minneapolis, MN (http://ddt.umn.edu/).
RESULTS
Determining the effective fluorophore locations
Our first goal was to determine, in silico, the effective locations of the FKBP-attached donor probes as accurately as possible. Usually, the effective probe location is set at the C a or C b atom of the labeled cysteine, or displaced from the labeled cysteine by an arbitrary distance (44) . That may be grossly inaccurate for the Alexa Fluors, due to relatively long linker chains between the fluorophore and reactive moieties, as long as 21 Å for a fully extended linker. We achieved more realistic predictions of the fluorophore location using a computationally efficient simulated-annealing method that utilizes short, high-temperature molecular dynamics (MD) simulations to sample the conformational space, developed based on methods previously described by Choi et al. (38) and Vrljic et al. (39) .
To account for steric hindrance of the probe location due to proximity to FKBP or RyR, we used the RyR1 cryo-EM three-dimensional map to restrict the space that can be sampled by the FKBP-attached AF488 (Fig. 2 A) . For this, we placed dummy atoms at the RyR1 map's grid points in the region surrounding FKBP. This was done by first docking the atomic structure of FKBP12 (31) into the cryo-EM map corresponding to the RyR1 complex in closed conformation (6) (Fig. 2 A) . Then the map density corresponding to FKBP was removed, inasmuch as that region would be represented by the FKBP atomic coordinates (Fig. 2 B) . We then placed Ar atoms (inert atoms whose radii match the cryo-EM map grid-point spacing) at grid points that are proximal to FKBP and may directly come into contact with FKBP residues or with the attached AF488 probes (Fig. 2 C) . The van der Waals radii of these atoms represent the RyR protein volume and thus replace the cryo-EM map to restrict the region sampled by the chromophore in our simulations (Fig. 2 D) .
Five variants of AF488-labeled FKBP were built by substituting Cys at residues 14, 32, 44, 49, or 85 of FKBP, and then attaching the AF488 probe to these sites by molecular modeling. Running simulated-annealing using the CNS software requires force-field parameters for the fluorophore. Initial values of these parameters for AF488 were determined using XPLO2D, then manually optimized before performing simulated-annealing calculations.
In previous reports, a few hundred trials/conformations of the simulated-annealing were deemed sufficient to obtain good conformational sampling (39) . We initially ran five simulations, each for 200 trials, with different initial velocities, to generate 1000 conformations. We observed that after~200-300 conformations we already had achieved convergence to within~1 Å RMSD of the 1000 conformation average. It was considered that an RMSD of <1 Å would provide sufficient precision for our purpose, when compared with the SD typical for FRET.
To test whether sufficient sampling had occurred, additional simulations were conducted with different starting conformations of AF488. Surprisingly, considering that each of the five 200-trial runs with different initial velocities all converged to within <1 Å RMSD, we observed that simulations with different starting conformations did not converge to the same average location. The discrepancy of the average chromophore positions between different runs was in the worst cases >10 Å , depending on the labeling site and starting conformation. The maximum variability ranges seen in the results from different starting conformation simulations were similar. We concluded that different starting configurations sample similar volumes in the conformational space but with different density distributions. One might expect that a simulated-annealing run with the MD portion starting at high temperature (300,000 K) would quickly become degenerate and completely sample the conformational space. However, this is not what we observed.
To correct this problem, and find an average chromophore position representing a complete sampling of the available conformational space, we varied two parameters in the simulation protocol:
1. We extended the number of trials per run and observed that even when using as many as 3400 trials in a single run, i.e.,~10 times more sampling than previously recommended (39), the average position of the chromophore was similar to a 200-trial run with the same starting conformation. 2. We ran simulations using combinations of the numbers of trials per run and the number of different seeds each generating 4800 conformations. These combinations were: two simulations with different seeds run for 2400 trials, 12 simulations with different seeds run for 400 trials, 16 simulations with different seeds run for 300 trials, 24 simulations with different seeds run for 200 trials, and 48 simulations with different seeds run for 100 trials. The RMSD between the average center positions of the chromophore was % 0.2 Å for all these cases. Based on these results, we concluded that running simulations with the same starting conformation with different seeds still gives a possibly biased result.
To test whether our parameters for AF488 were the cause of this unexpected behavior, we ran simulations where the torsional-energy parameters for the linker had been decreased 10-fold to 0.2 kcal/mol. Decreased torsional barriers should allow the chromophore to sample the conformational space more efficiently and eliminate the apparent bias associated with the starting conformation. However, the resulting average chromophore position was still similar to simulations run with the same starting conformation and the higher torsional energy barriers (RMSD <0.2 Å ). We concluded that the torsional-energy parameters did not cause the bias. Furthermore, we ran simulations with the Cy3 and Cy5 fluorescent probes, parameterized previously (38, 39) , to test whether their starting conformations affected the resulting average chromophore location. We arrived at the same result as with AF488, i.e., different starting conformations yielded different average chromophore locations. Taken together, these results indicate that the simulatedannealing procedure, as implemented in the CNS protocol (39) , is not sufficient to uniquely determine an average chromophore position.
A possible way to correct this problem is to run multiple trials with different starting conformations. To determine how many starting conformations are needed before convergence on an average position is achieved, we ran four independent simulations with 12, 16, 24, and 48 starting conformations, each generating 4800 conformations. We found that the average position does converge toward one position in space when increasing the number of starting conformations. To determine how many calculations with different starting conformations are needed to determine the average location of the chromophore, we ran 103 calculations for each 150 trials. By randomly selecting a specific number of calculations from this pool and calculating the average position of that sample, we determined the average and maximum RMSD error versus the average location calculated from all 103 calculations (Fig. 3) . As expected, increasing the number of calculations with a different starting conformation led to lowering the RMSD error. Considering the available computing resources and the queue time limitations (<24 h wall time), as well as minimizing the estimated error, we opted for 72 starting conformations each run for 150 trials, generating 10,800 conformations for the simulations on all labeling sites. The average and maximum errors for this combination are 0.3 and 1.4 Å , respectively (Fig. 3) .
Effective positions of the FKBP-attached donors
Our simulated-annealing calculations show that the AF488 probe can adopt a wide range of conformations in the available space around the RyR-associated FKBP. For FRET-based distance analysis and trilateration of acceptors bound to RyR, we need to determine the effective positions of the AF488 probe attached to position 14, 32, 44, 49, and 85 of FKBP. This was done by calculating the average location of the chromophore from the simulatedannealing calculations (Fig. 4) . Results show effective probe positions that are located 10-16 Å away from the C a atom of the labeled Cys ( Table 1 ). The conformational space sampled by the AF488 chromophore and average positions corresponding to each attachment site are shown in Fig. 4 .
The volume sampled by AF488 depends on the labeling site and is spatially restricted by both FKBP and RyR ( Table 1 ). The volume sampled by AF488 is >35,000 Å 3 at sites 14, 49 and 85, where little restriction from the RyR is observed. AF488 at site 44 shows a slight (~20%) reduction in the sampled volume due to spatial restriction by the RyR map. AF488 at site 32 shows a large reduction in its sampled volume (by >60%) because of steric restriction due to the labeling site being located near an apparent interface between FKBP and RyR. Even though the label attached at position 32 appears to be more spatially confined, we have shown that the binding of AF488-FKBP to RyR is similar to unlabeled FKBP for all tested labeling sites (15) .
Order parameters for AF488 attached to FKBP
The large number of possible conformations and large volume sampled by the AF488 probes suggest that the motion of the probe is unrestricted, i.e., isotropic. This was quantitatively analyzed based on the order parameters (S) derived from the simulated-annealing data (Table 1) . S can be used to describe how restricted the motion of the chromophore is, and can be experimentally determined from fluorescence anisotropy measurements. However, such measurements are not possible in our system. Therefore, we estimated S from the simulated annealing calculations, by determining the orientation of the dipole vectors and calculating q eA , the angle between the dipole vector of the chromophore in each conformation and the mode vector. The mode vector has the lowest sum of the great-circle distances to all other vectors:
In the wobble-in-a-cone model, S depends on the cone angle, q c , according to
so q c can be expressed as
S is nearly zero for donors attached at all the FKBP sites used in this study (Table 1) , thus indicating that all orientations are sampled, i.e., fluorophore dynamics is isotropic. Although we cannot compare these results with experimental fluorescence anisotropy data (which cannot be measured in myocytes or isolated sarcoplasmic reticulum samples, due to light scattering), the near-zero order parameter and wide cone-angles justifies the use of the orientation factor k 2 ¼ 2 / 3 for determining R 0 according to Eq. 4. The value k 2 ¼ 2 / 3 is based on the assumption that the probes undergo isotropic motion on a timescale that is short compared with the excited-state lifetime (several nanoseconds). Considering that the acceptor fluorophores are attached to their respective labeling sites via linkers similar in length to the donors, they likely also have a low order parameter. Therefore, our distance calculations from E assume random orientation of fluorophores. Even if the acceptor is completely immobilized, which is unlikely in practice, the effect on k 2 will result in a %10% error in the distance estimation (45) .
Method validation using acceptor-labeled RyR sites within the docked N-terminal ABC-domain
To test the computationally optimized donor coordinates (Fig. 4) , we used our previously published FRET-derived distances between D-FKBPs and the FRET acceptor Cy3NTA (46) (Fig. 5) . All four loci in the ABC-domain were identified using the procedure described in Materials and Methods, which relies on FRET measurements from all five D-FKBP constructs to each donor. For each FRET measurement, we used Eq. 3, the average E, and corresponding SD to calculate R avg , R min , and R max . These values are from Table 1 corresponding insertion points in the A-and A 0 -domains (Fig. 5 ). This result may be due to comparable FRET contributions from acceptor bound within both the A-and A 0 -domain in the neighboring RyR protomers (27), as indicated by arrows in Fig. 5 for the His 10 -181 site), thus confirming our prediction of improved precision.
The locus for Cy3NTA attached at His 10 -519 was also determined based on previously reported FRET results (27). However, the FRET measurement SD translated into 50% narrower distance ranges than for His 10 -76 and -181, and yielded a locus only upon a slight broadening of these ranges (by 1.7 Å ). This locus consists of a single grid unit (indicated by a single sphere in Fig. 5 , B and D) that is found in a void near domain C, 23 Å from the insertion site at residue 519. This location is consistent with the predicted cytosolic exposure of the insertion site. Upon further broadening of the distance ranges, this locus would gradually expand in this void, away from the His 10 insertion site. As predicted, for the locus of Cy3NTA attached to site 519 there is no evidence of FRET contribution from multiple acceptors, by comparison with the trilaterations of sites 76 and 181 above. This precision and apparent accuracy seemed quite remarkable.
To further test the consistency of this method, we trilaterated Cy3NTA attached at His 10 -500, also in domain C. For this site also, we observed good consistency between the profiles of predicted and measured FRET from D-FKBP (Table 2) . FRET measurement SDs for the 500 locus were similar to those observed for 519, and also needed to be slightly broadened (by 1.3 Å ) to yield a locus, which consisted of a single grid unit. This was 27 Å from the His 10 insertion site, in the same void of the RyR1 map as the locus corresponding to the 519 insertion site (Fig. 5, B and D) . The offsets between the 500 and 519 acceptor loci and their predicted attachment site locations are consistent with the length of the linker between the Cy3 fluorophore and the NTA moiety.
Therefore, we conclude that the revised donor coordinates provide significantly improved precision and accuracy versus donor positions set at the C b coordinates.
Trilateration of acceptor-labeled DPc10 bound to RyR2, based on confocal FRET measurements in permeabilized cardiomyocytes
Using confocal FRET measurements in permeabilized cardiomyocytes, we have previously determined that the acceptor probe covalently linked to the N-terminus of DPc10 may localize along a broad arc intersecting RyR domain 3 between FKBP and CaM (26). In that study, FRET was measured only from D14-FKBP to A-DPc10, and the result was further constrained using FRET between CaM and DPc10 (26). Here, we aimed to resolve a discrete location of the A-DPc10 probe using FRET measurements from each of our five donor-labeled FKBP variants to the same acceptor-labeled DPc10 bound to RyR2, in permeabilized rat cardiomyocytes. FRET efficiencies, E, were measured using two methods-acceptor photobleach and donor quench-with highly consistent results, summarized in Table 3 To determine the DPc10 binding site location, we used a cryo-EM map of RyR1, which has been solved to a much higher resolution than RyR2 (10.2 vs.~30 Å ). This approach is based on the assumption that the RyR1 and RyR2 channel isoforms have similar overall structures and features (47, 48) , as has been revealed by cryo-EM image reconstructions of comparable resolution (~30 Å ) and by crystal structures of isolated soluble RyR fragments (10, 49) . Using FRET, we have previously shown that FKBP12.0 a Calculated using Eq. 3, based on distances measured from the effective positions of the FKBP-attached donors to the His 10 acceptor-insertion positions 500 and 500 0 in domains C and C 0 , respectively, of two adjacent RyR protomers (Fig. 5 A) . b Observed FRET efficiencies (means 5 SD, n indicated in parentheses) were calculated from the increase in donor fluorescence after selective acceptor photobleaching, using Eq. 2. c Distances (R) were calculated using Eq. 3. The average distance (R avg ) was calculated based on the average E. The minimum (R min ) and maximum (R max ) distances were calculated based on the average E, to which we added or subtracted the maximum SD of the measurement of E, respectively.
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A-DPc10 loci were calculated based on all five FRETderived distances between the D-FKBP variants and A-DPc10, and for all five sets of four FRET-derived distances. Solutions were constrained by the RyR1 cryo-EM map, by the CaM N-and C-domain locations previously determined within RyR1 (Fig. 6, A and B) from FRET measurements and the cryo-EM map of the CaM-RyR1 complex (13, 15, 29) , and by the FRET-derived distances between D34-CaM or D110-CaM and A-DPc10 (63 5 1 and 53 5 1 Å , respectively) (26).
The five-distance trilateration of DPc10 yielded a locus only after widening the R max -R min range by 14 Å , but this locus is~40 Å away from the surface of the RyR cryo-EM map, and therefore this is not a possible solution (see Fig. S2 ). Multiple loci were found based on different combinations of four distances. The loci found by excluding the measurements from donor attached at FKBP sites 14, 49, or 85 were implausible solutions because they were >25 Å away from the cryo-EM map surface and also incompatible with the CaM-lobe placements (see Fig. S2 ). The locus found by excluding the measurement from donor at FKBP position 32 was found within domain 9 of the RyR1 cryo-EM map (see Fig. S2 ). However, that location was incompatible with the FRET measurements from CaM-attached donors to A-DPc10 (26). Only the set of distances from donors at FKBP residues 14, 32, 49, and 85 (44 was excluded) yielded a solution that was acceptable when constrained by the cryo-EM map (Fig. 6) .
This A-DPc10 locus was found within RyR domain 3 (Fig. 6, magenta shading) , the large handle density that connects the FKBP and CaM binding sites. The distance between this locus and D34-CaM is R 1 ¼ 60 Å (Fig. 6, A  and B) , which matches well with the 63 5 1 Å calculated from FRET (26) . Distances between the A-DPc10 locus and the D110-CaM on the same and adjacent faces of the RyR1 map are R 2 ¼ 81 Å and R 2 0 ¼ 76 Å , respectively, which are significantly different from the apparent distance derived from FRET (53 5 1 Å ). This inconsistency is likely due to a higher uncertainty in the C-lobe placement (versus N-lobe). The relationship among this buried A-DPc10 locus, FRET distance analysis (including from donor bound to CaM's C-domain), and the RyR2 location of CaM proposed by Huang et al. (50) , is further analyzed in the Discussion.
DISCUSSION
Trilateration method development
We have developed a trilateration method that uses spectroscopic distance measurements from an ensemble of probes placed at known locations within a three-dimensional protein structure to a probe bound at an unknown location, aiming to determine its three-dimensional location. We previously used the C b coordinates of the labeled Cys residue to place the known-location probes. That method does not take into account the linker between the labeling site and the fluorophore itself. To more accurately estimate the effective probe location, and improve the precision of trilateration, we developed a simulated-annealing protocol designed to determine the space occupied by all probe conformations, and determine the average probe position. We started from an existing computational-annealing protocol (39) and developed additional steps to minimize the potential dependence in the final average position on the starting conformation. We determined that this major source of error in probe placement can be almost completely eliminated by averaging the results from as many simulated annealing calculations as practically afforded by the computational resources. Based on queue time limitations, we chose to average the results from 72 annealing calculations using different starting conformations, which results in acceptable predicted RMSD error (0.3 Å average, 1.4 Å maximum error; Fig. 3 ).
Calculated donor positions improve trilateration precision
We used this simulated-annealing protocol to determine the average locations of AF488 probes covalently bound to several Cys residues substituted at surface sites of FKBP (Fig. 4) , chosen to be away from the RyR-FKBP binding interface, such that their chemical modification would not interfere with binding. Analysis of the simulated-annealing data indicates that there is little steric restriction of the probes by either the RyR or FKBP, so fluorophore MD can be assumed to be almost completely isotropic (Table 1) . This justifies using k 2 ¼ 2 / 3 for distance calculations based on FRET data, thereby facilitating conversion to donoracceptor distances from the measured FRET efficiencies. We found that the calculated effective location of the AF488 fluorophore moiety can be relatively far (10-16 Å ) from the C b , which can potentially affect the trilateration result. These calculated fluorophore positions present the advantage that they are more broadly separated in space (than when set at the C b atoms), so we predicted that this spatial expansion of the reference-probe set would significantly improve the precision of trilateration. This is what we actually observed for the acceptors attached at known locations in the ABC domain-in all cases, the believednew trilateration method yielded smaller loci than our previous method. The smallest and most plausibly positioned loci were obtained when the acceptor attachment sites were in the RyR1 C-domain, which is the farthest from the channel's axis of symmetry, and thus least affected by FRET crosstalk between adjacent RyR protomers (Fig. 5) . Nevertheless, the general trilateration locations for the ABC domain acceptor attachment sites were similar between the previously used C b (27) and the computed effective coordinates of the donor probes used here.
DPc10 locus relative to RyR structural features revealed by the cryo-EM map
Having validated our improved trilateration method, we then used it to determine the location of an acceptor probe attached to DPc10 bound to RyR2 based on FRET measurements carried out in permeabilized myocytes (Table 3) . It has been postulated that DPc10 directly competes with intersubunit contacts (51) between the RyR2 N-and central domains (zipping) by binding to the N-domain sequence (to unzip) (18) . Taken literally, this model implies that DPc10 should bind in close proximity to the N-domain zipping surface. Because DPc10 is related to the RyR1-derived peptide DP4 (18) , both probes may bind at equivalent three-dimensional locations within RyR1 and RyR2. Our FRET-based trilateration results indicate that ADPc10 is deep within RyR domain 3 (which forms the handle domains in the cryo-EM map). This buried location of the A-DPc10 probe is consistent with the previous finding that DPc10 access to its RyR2 binding site is sterically restricted and under negative allosteric control by CaM (26). To place the acceptor at that location, DPc10 may bind to domain 3 on its distal face relative to the fourfold axis of symmetry of RyR. In this placement, direct contact between DPc10 and the centrally located ABC domain can be ruled out. This model is plausible but incompatible with the prevalent version of the domain zipping model (52) . Alternatively, DPc10 may bind to the proximal face of domain 3 by diffusing through a wide gallery formed between peripheral RyR domains (i.e., 3, 8, 9, and 10) and more central domains (i.e., 2 and 4).
Indeed, the DPc10 locus is nearest (~35 Å ) to residue Pro 455 in the RyR1 C domain (R 3 in Fig. 6 D) . Assuming that RyR2-bound DPc10 adopts the predicted compact structure (Fig. 1,~25 Å diameter) and that acceptor might be situated~12 Å from its N-terminal attachment site, it is possible that DPc10 can lodge in the cytosol-accessible gallery separating domains C and 3 (Fig. 6 D, yellow  oval) . Here, it may perturb an apparent interface (Fig. 6  D, magenta shading) between the RyR C domain and the densities (columns) that connect the large RyR cytoplasmic domain to the TM domain, which contains the channel pore. Thus, the DPc10 binding site may be at the convergence of structural pathways transducing regulatory gating signals from the RyR cytosolic headpiece to the channel pore in the TM domain. Mutations or posttranslational modifications (oxidation, phosphorylation) associated with pathologies may structurally alter one or more of these pathways, thus leading to a more accessible DPc10 binding site (domain unzipping), as observed for arrhythmia-linked Biophysical Journal 107(9) 2037-2048 leaky RyR2 mutants (20), or WT-RyR2 from animal models of heart failure (22,52).
Relationship between the A-DPc10 locus and the N-and C-lobes of CaM
Two FRET measurements from CaM-attached donors to A-DPc10 are available (26)-from AF488 attached at CaM position 34 (N-lobe), and from AF568 attached at CaM position 110 (C-lobe). Distances derived from these measurements are 63 5 1 Å and 53 5 1 Å , respectively. The distance R 1 ¼ 61 Å (Fig. 6, A and B) between the ADPc10 locus and the previously determined location of CaM's N-lobe (13) is consistent with the FRET measurement. However, the distance R 2 ¼ 81 Å (Fig. 6, A and B) between the A-DPc10 locus and the C-lobe location (13) on the same face of RyR, is inconsistent with the corresponding FRET measurement. This discrepancy may be due to DPc10 altering the structure of RyR2-bound CaM (and there may be a reciprocal effect).
Alternatively, this apparent discrepancy may be due to CaM binding to RyR2 in an extended conformation, with the C-lobe projecting deep into the groove formed between domains 3 and 8 (Fig. 6, A and B) . This would place the donor attached at CaM residue 110 nearer the A-DPc10 locus in the adjacent RyR protomer (R 2 0 in Fig. 6 , A and B). This is consistent with the mapping of Ca 2þ -CaM (inhibitory in both RyR1 and RyR2) within RyR1 (53) . This placement of the C-lobe-attached donor does not contradict the results reported by Huang et al. (50) , who noted in their detailed cryo-EM analysis of CaM binding to RyR2 versus RyR1 that the mass corresponding to Ca 2þ -CaM bound to RyR2 was weaker than expected, suggesting that a significant portion of CaM was not visible in their cryo-EM map, possibly due to structural disorder. More detailed determinations of the RyR-bound CaM structure will be the focus of future studies.
Perspective
The multiscale mapping process demonstrated in this article enables resolving sequence locations and binding sites throughout most of the RyR structure, and thus should further our understanding of the structure-function correlations of this channel. Determining the binding locations of A-DPc10 and other peptide-based biosensors of the RyR functional state may provide a rational basis to design probes necessary for diagnostic and therapeutic discovery targeting the RyR pathological leak, which represents an important unmet health need (54) . You might have wondered how the Global Positioning System (GPS) manages to pinpoint whether your car is at the parking lot or on a nearby road just 10 feet away. The official site of GPS.gov reports that highquality receivers provide >3 meter horizontal accuracy, i.e., the dimension of a medium-sized car; a remarkable spatial resolution! Some might have wondered if it would be possible to use the principle of GPS to determine the location of a molecule, e.g., an effector peptide, relative to a target protein, e.g., an ion channel; a challenging task that will require improvement of the resolution by a factor of 10
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. Efforts by several research groups, including a study by Svensson et al. (1) published in this issue of the Biophysical Journal, have resulted in a multistep method reminiscent of GPS to characterize protein structure or to position one molecule relative to another. Fluorescence resonance energy transfer (FRET) is used to obtain multiple distance constraints, which are then analyzed in a trilateration (or triangulation) procedure to locate the components of a molecular complex relative to each other. The purpose of this New & Notable is to hit the high spots of these studies and to briefly discuss the advantages and limitations of this new biophysical toolkit for macromolecular characterization.
Muschielok et al. (2) utilized this approach, which they termed a NanoPositioning System, to locate the nascent RNA in yeast RNA polymerase II elongation complexes and the effect of the transcription factor IIB. They measured FRET between an acceptor-labeled site (antenna dye molecule) and several donor-labeled sites (satellite dye molecules), followed by triangulation of FRETderived distances and positioning of the acceptor site within the macromolecular complex.
FRET-based distance determination has been used to gain structural information on type-1 and type-2 ryanodine receptors (RyR1 and RyR2), which are Ca 2þ release channels in the sarcoplasmic reticulum membranes of skeletal and cardiac muscle cells, respectively (3) (4) (5) . Dysfunction of RyR has been linked to serious pathologies such as ventricular tachycardia and heart failure (6); hence, a better understanding of its structure and function is of great biomedical importance. RyR1 and RyR2 share 66% sequence identity and both are homotetramers of a total molecular mass of 2.3 MDa, making them the largest ion channels known. No atomic resolution structures of the full-length channel molecules have been reported, but the cryo-electron microscopy (cryo-EM) reconstructions of RyR2 (7) and RyR1 in the open and closed states (8) have been determined at~30 and 10 Å resolutions, respectively. The tetramer is an immense mushroomlike molecule~160 Å high (Fig. 1 A) with a head that is viewed from the cytoplasm as a 270 Â 270 Å square (6, 8) . Domain movements upon channel gating have been suggested (6, 8) . However, much of the contemporary knowledge on the domain structure of RyR, the secondary and tertiary structural features of the domains, the mode of binding of accessory proteins, and conformational changes that underlie channel gating, is gained mostly from computational approaches that need experimental testing.
If channel gating involves changes in interdomain distances, then measurements of such distances in the open and closed states would help us to understand the structural mechanism of the channel. In an attempt to address this issue, Raina et al. (3) developed an approach where green fluorescent protein (GFP) is engineered into a selected site of RyR1 while a 10-residue histidine tag (His-tag) is inserted into another site, followed by binding of a His-tag specific dye Cy3NTA that pairs with GFP as an energy acceptor. This method was used to estimate the FRET-based distances between GFP placed at three different sites of RyR1 and Cy3NTA at five sites, and the positions of GFP were determined by triangulation relative to a 559-residue fragment of RyR1 with known crystal structure. The structural information gained from these experiments was limited, or more qualitative than quantitative, for a range of reasons. Most notably, the large sizes of both the donor and the acceptor probably caused structural perturbations in the RyR1 protein and also prevented an accurate positioning because of uncertainties in conversion of FRET efficiencies to distances. It was recognized that other, less invasive labeling strategies were required (3).
An alternative FRET-based method has been developed that relies on RyR modulator proteins labeled with donor and acceptor probes; binding of these molecules to RyR allows FRET measurements without affecting RyR structure (1, 4, 5 by cryo-EM to bind to distinct sites of RyR1 (9) . The cryo-EM reconstruction of RyR1 with bound FKBP is also available, and the crystal structure of FKBP had been docked into the respective electron density (8) . Yet more detailed descriptions of the binding modes and interfaces of these accessory proteins are required to understand the mechanism of channel regulation. Cornea et al. (4) used natural RyR1-containing sarcoplasmic reticulum membranes and allowed FKBP and CaM, labeled with Alexa Fluor (Invitrogen, Carlsbad, CA) FRET donors and acceptors, to bind to RyR1, followed by distance measurements between one site of FKBP and three sites of CaM. The measured distances showed little Ca 2þ -dependence, which contrasted the predicted large-scale Ca 2þ -induced conformational changes in CaM. The data nevertheless allowed docking of the crystal structure of Ca 2þ -CaM in complex with a RyR1-derived peptide into the cryo-EM map of RyR1, thus positioning CaM on RyR1 with a defined orientation.
The next step was to position FKBP on RyR1 and RyR2. Five single-cysteine FKBP constructs were created and labeled each with Alexa Fluor FRET donors, while a CaM mutant T34C was labeled with an Alexa Fluor acceptor (5) . Four out of five Alexa Fluor-labeled FKBP molecules tightly bound to RyR1 and RyR2 and produced robust FRET effects, allowing determination of four FKBP-CaM distances ranging 61-77 Å . This work showed that FKBP isoforms bind to equivalent sites of RyR1 and RyR2 at similar orientations.
Further efforts were directed to test a proposed domain zipping/unzipping mechanism of RyR function according to which the closed channel state is stabilized by interaction (zipping) between the N-terminal (residues 1-600) and central (residues 2000-2500) domains of RyR. Consistent with this mechanism, a peptide corresponding to the central domain sequence 2460-2495, named DPc10, was able to potentiate Ca 2þ leakage in ventricular myocytes and arrhythmogenic mutations such as R2474S reversed this effect (10) .
The work by Svensson et al. (1) is an in-depth analysis of binding of DPc10 to RyR2 in ventricular myocytes. The cells were detergent-permeabilized and loaded with FKBP labeled at five distinct sites with Alexa Fluor FRET donors, and DPc10 labeled with a FRET acceptor at its N-terminus. In separate experiments, RyR1 constructs that contain His-tag inserts at four distinct sites at the N-terminal domain were expressed in HEK cells and loaded with donor-labeled FKBP and Cy3NTA that binds to the His-tags and serves as FRET acceptor at defined locations. A simulated-annealing method was used to refine the FKBP-attached donor positions, which were validated using FRET measurements between all five FKBP donors and all four Cy3NTA acceptors in HEK cells. FRET efficiencies from five sites of FKBP to DPc10 were then measured in cardiomyocytes, and trilateration was applied to position the acceptor attached to the DPc10 peptide.
Finally, the positioning of DPc10 was refined by additional constraints imposed by previously measured distances between RyR2-bound CaM Nand C-lobes and DPc10 (Fig. 1) . The simulated-annealing procedure, which restricts the number of possible dye positions by taking into account the proximal protein molecules and the torsion/ energy parameters of the linker, minimized the errors stemming from the relatively long and flexible linkers. Thus, multiple checkpoints have been set to bring all existing data into agreement. Yet the trilateration procedure was not an easy one. Combination of all five FKBP-to-DPc10 distances did not yield a reasonable location for DPc10, and only one out of five combinations of four distances resulted in a meaningful position of the DPc10 peptide at the RyR domain 3, the ''handle'' that connects the FKBP and CaM sites, and importantly,~35 Å from the N-terminal domain. This latter finding certainly challenges the domain zipping/unzipping hypothesis and calls for more studies. -loaded CaM complexed with a RyR1-derived peptide and FKBP are based on PDB:2BCX and PDB:1D6O, respectively, and DPc10 is shown in a predicted conformation. R DA,i are the distances between the donors and acceptors. The fluorescent labeling scheme is simplified to show the principle of the method. See text for more detail.
